In normal vision, shifts of attention are usually followed by saccadic eye movements. Neurons in extrastriate area V4 are modulated by focal attention when eye movements are withheld, but they also respond in advance of visually guided saccadic eye movements. We have examined the visual selectivity of saccade-related responses of area V4 neurons in monkeys making delayed eye movements to receptive field stimuli of varying orientation. This task did not require the monkey to attend to orientation per se but merely to foveate the receptive field stimulus. We present evidence that the presaccadic enhancement exhibited by V4 neurons, quite separate from the response at stimulus onset, is a resurgent visual representation that seems as selective as the response is when the stimulus first appears. The presaccadic enhancement appears to provide a strengthening of a decaying featural representation immediately before an eye movement is directed to visual targets. We suggest that this reactivation provides a mechanism by which a clear perception of the saccade goal can be maintained during the execution of the saccade, perhaps for the purpose of establishing continuity across eye movements.
Although we can direct visual attention away from the center of gaze, shifts of attention seldom take place without accompanying eye movements. The vast majority of neurophysiological studies of spatial attention in macaque area V4 have involved monkeys trained to attend to particular locations while withholding eye movements to the relevant stimuli (1) (2) (3) (4) (5) . In general, this method has proven critical in dissociating brain mechanisms of attention from oculomotor ones (6) (7) . Yet, such a dissociation is somewhat artificial. Visually guided saccadic eye movements most often closely follow shifts of attention (8) (9) (10) (11) . This fact suggests that under normal circumstances, the neural activity reflecting attentional shifts and oculomotor planning are temporally contiguous. One might argue, therefore, that an understanding of the neural mechanisms involved in the sort of attention related to saccadic eye movements is particularly relevant to normal vision.
The visual responses of neurons in extrastriate area V4 are enhanced when visual stimuli within their receptive fields (RFs) are used as targets for saccadic eye movements (12) (13) . The saccade-related activation can be separated from the visual onset response by delaying the saccadic eye movement to the RF stimulus. The visual selective properties of the saccade-related activity, however, have not yet been examined. We have studied the visual selectivity of presaccadic responses of V4 neurons in monkeys making delayed saccadic eye movements to stimuli of varying orientation. Our results show that the saccade-related activity in area V4 is a resurgent visually selective response that provides a representation of the saccade goal immediately before an eye movement. We suggest that the presaccadic response ensures that a featural representation of the saccade goal is present during the eye movement, perhaps for the purpose of facilitating continuity across displacements of the eye.
METHODS
We recorded from single neurons in extrastriate area V4 of two macaque monkeys (Maccaca mulatta) by using standard electrophysiological techniques described previously (14) . Single cell responses were isolated and studied while monkeys performed a delayed saccade task (15) . In this task, a visual stimulus was presented to the RF of a neuron while a monkey fixated within a Ͻ1°window and waited for the appearance of a saccade target (0.25°) at one of two locations distant from the RF (Ͼ5.0°). On two-thirds of the trials, the saccade target appeared when the fixation spot was extinguished and the monkey was required to make a saccadic eye movement to the target. On the remaining trials, the saccade target did not appear; when the fixation spot was extinguished, the monkey was required to make a saccadic eye movement to the RF stimulus. Both conditions were identical up until the cue to saccade (disappearance of the fixation spot) and were pseudorandomly interleaved. The delay between stimulus onset and the cue to saccade (0.5-1.0 sec) allowed us to examine separately for each cell, the activity related to the onset of the stimulus and the activity related to the eye movement. By varying the orientation of the stimulus, we also were able to assess the degree to which the saccade-related activity carried information about the stimulus. At no time was the monkey required to discriminate the orientation of the stimulus, nor had they been previously trained to do so. RF stimuli were oriented light and dark bars presented on a 34 ϫ 27 cm video monitor (Sony) driven by a Number Nine graphics board (640 ϫ 480 resolution). Eye position was monitored continuously at 200 Hz via a schleral search coil (16) . Neural activity and eye position data were both stored for off-line clustering (Datawaves Corporation) and analysis.
The presaccadic response was measured during a 100-ms period of activity beginning before saccade onset and extended 30 ms into the saccade itself. Visual latencies of V4 neurons in our sample were Ͼ60 ms and typically 70 ms, a measurement that matches previous observations (17) . Therefore, responses extending 30 ms into the saccade should include no activity corresponding to visual stimulation caused by movement of the eye. In addition, it is crucial to determine whether or not stability of the eye before saccade onset can account for any differences in presaccadic activity between saccade conditions. We therefore examined the presaccadic eye velocities in both conditions, and we compared them in the same manner as we compared the corresponding neural activity. We computed the instantaneous velocity for each successive pair of 200-Hz eye position samples during a 150-ms period immediately before
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onset of all saccadic eye movements from which corresponding neural activity was recorded. This generated large populations of velocities for both saccade conditions. The components of eye velocity in the direction of the RF were statistically indistinguishable between the two populations (Wilcoxon sign rank test, P Ͼ 0.3).
RESULTS
We first contrasted the amount of activity preceding saccadic eye movements to the RF stimulus with the activity preceding saccades to a contralateral saccade target for a sample of 51 visually responsive neurons. The population of neurons as a whole showed significantly greater presaccadic activity when eye movements were directed to the RF stimulus (Wilcoxon signed rank test, P Ͻ 0.001). Individually, 19 of the 51 cells (37%) had presaccadic activity that differed between the two saccade conditions ( 2 , P Ͻ 0.05). Of these cells, 18 responded greater before saccadic eye movements to the RF stimulus and 1 responded greater before eye movements directed away from the RF. Cells that responded significantly greater when eye movements were directed to RF stimuli were enhanced by a median factor of 1.7:1. However, the likelihood of a cell showing enhancement depended on which stimulus was in the RF. Our focus, therefore, was on the degree to which the presaccadic activation depended on the stimulus itself and whether or not this selectivity matched the selectivity seen at the time of stimulus onset. Fig. 1 shows an example of a V4 neuron that responded before saccadic eye movements to the RF stimulus. During the period immediately following stimulus onset, the cell was clearly selective for orientation but responsiveness declined for all orientations within a few hundred milliseconds. The cell was reactivated however just before saccadic eye movements were directed to the preferred RF stimulus. In comparison, the presaccadic activity was much less pronounced when eye movements were made to nonpreferred stimulus orientations. Eye movements directed to a target in the opposite hemifield elicited little or no presaccadic activity, regardless of stimulus orientation. Fig. 2 shows the presaccadic orientation-tuning curves of two other cells and their correspondence with the selectivity evident immediately after stimulus onset. In both cases, the magnitude of the enhancement above the control condition was greatest at the preferred stimulus orientation.
We examined the presaccadic enhancement of a population of 35 neurons that were clearly tuned at the time the RF stimulus first appeared. We contrasted the presaccadic enhancement for eye movements directed to the preferred orientation with that of saccades directed to the nonpreferred orientation for the entire population. For both preferred and nonpreferred stimuli, the population showed significant presaccadic enhancement (preferred, P Ͻ 0.005; nonpreferred, P Ͻ 0.05, Wilcoxon signed rank test). However, the presaccadic enhancement was greatest when the monkey made eye movements to the preferred orientation (Fig. 3) . The difference between the activity before saccades to the RF and saccades away from it was significantly greater when the preferred stimulus was in the RF (Wilcoxon signed rank test, P Ͻ 0.05). Thus, the effect of saccade direction depended on which stimulus was in the RF, the preferred stimulus producing greater modulation. Interestingly, at the time the monkey made an eye movement away from the RF stimulus, the population activity could no longer distinguish between the preferred and nonpreferred orientations, which were still in the RF (Wilcoxon signed rank test, P Ͼ 0.1). In contrast, the presaccadic activation was clearly tuned at the time the monkey made an eye movement to the RF stimulus (Wilcoxon signed rank test, P Ͻ 0.0003).
DISCUSSION
Our results show that the presaccadic activity in V4 is a visually selective representation of the targets of saccadic eye movements. We interpret the general phenomenon of presaccadic reactivation as a consequence of the fact that attentional shifts typically precede shifts in the direction of gaze (8-11). Several (1998) studies have established that neurons in V4 are modulated by focal attention in the absence of accompanying eye movements (1) (2) (3) (4) (5) . However, the fact that the enhancement is visually selective does not necessarily follow from the notion that it reflects a presaccadic attentional shift. Previous studies have shown that the degree to which monkeys must scrutinize visual discriminanda affects the tuning of V4 neurons (4) and that attention to particular features (e.g., color or orientation) can determine the degree to which those features are represented by neurons (5). Our behavioral task did not require the monkey to attend to orientation per se and saccades to any set of oriented bars requires a movement to only a single ''center of gravity.'' One might have thus predicted that the saccaderelated enhancement would be independent of orientation. Our results therefore suggest that the resurgence of visual selectivity in the presaccadic period occurs by default, as it does when a visual stimulus is initially presented. We suggest that this resurgent representation may be useful in maintaining a clear visual perception of the saccade goal during the execution of an eye movement and that this may facilitate continuity of perception across displacements of the eye. A persisting question in vision research is how our perceptions of the world appear continuous despite the interruptions brought about by saccadic eye movements, which rapidly sweep visual stimuli across the retina (18) . Eye movements at saccade velocities should result in a period of smeared vision, and this period should disrupt perceptual continuity across saccadic eye movements. Yet our perception is seamless, and we do not experience smeared images despite the fact that our eyes are in flight almost 10% of the time. One major hypothesis offered as the solution to the problem of retinal smear is that it is eliminated by the forward and backward visual ''masking'' resulting from a clear image before and after the saccade (19) (20) (21) . Masking essentially results from the relative weakness of intrasaccadic visual stimulation as compared with the input preceding and following a saccadic eye movement. In addition to the masking of retinal image blur, perceptual continuity requires the integration of pre-and postsaccadic perceptions across changes in eye position. Psychophysical evidence suggests that presaccadic visual information at the saccade goal aids in postsaccadic visual detection once a saccadic eye movement brings an object of interest onto the fovea (22) (23) (24) (25) (26) . This effect depends on the similarity of preand postsaccadic stimuli and implies a mechanism by which the two are compared.
Both masking and transaccadic integration phenomena suggest a mechanism by which strong visual representations are provided immediately before and immediately after an eye movement. Although it is simple to imagine how readily strong, postsaccadic representations are provided by the visual system, the fact that visual responses in extrastriate cortex often decay shortly after stimulus presentation suggests a lack of strong, presaccadic visual representations when eye movements are made to stable visual targets. The presaccadic reactivation described here appears to provide a strengthening of the decaying featural representation immediately before an eye movement is made to such targets. This representation could serve in the forward masking of retinal image blur as well as in facilitating featural integration across saccadic eye movements. This idea suggests that the normal relationship between eye movements and attention may provide a convenient, visual outcome. Presumably, if the function of visual attention is to selectively process only relevant stimuli, this should be of particular use during saccadic eye movements, when visual clarity is jeopardized. It is during eye movements that the representation of the saccade goal competes not only with that of nontarget stimuli but also with the visual disturbance caused by the movement itself. Dodge (27) seems to have had a similar view nearly a century ago.
It should also be noted, however, that by considering the visual consequences of presaccadic reactivation, this does not rule out an oculomotor role of presaccadic signals. It is known that many extrastriate visual areas project inputs to the superior colliculus, (28) and it is therefore possible, if not likely, that these inputs affect oculomotor commands. For some stimulus properties, such as motion, it is reasonable to suppose that extrastriate visual activity aids directly in moving the fovea appropriately to targets of interest. Microstimulation of the middle temporal visual area (MT), for example, has been shown to affect saccade programming and in a manner predicted by the direction selective properties of neurons in the stimulated cortical columns (29) . It should thus follow that presaccadic enhancement in this area, if present, might be used to synchronize target velocity information with the saccade command for the purpose of foveating moving visual targets. Indeed, the fact that attention and eye movement control mechanisms seem to overlap in the brain (30-31) invites consideration of joint perceptual and motor influences of presaccadic activation in extrastriate visual cortex. 
